Fusion of the androgen receptor-regulated (AR-regulated) TMPRSS2 gene with ERG in prostate cancer (PCa) causes androgen-stimulated overexpression of ERG, an ETS transcription factor, but critical downstream effectors of ERG-mediating PCa development remain to be established. Expression of the SOX9 transcription factor correlated with TMPRSS2:ERG fusion in 3 independent PCa cohorts, and ERG-dependent expression of SOX9 was confirmed by RNAi in the fusion-positive VCaP cell line. SOX9 has been shown to mediate ductal morphogenesis in fetal prostate and maintain stem/progenitor cell pools in multiple adult tissues, and has also been linked to PCa and other cancers. SOX9 overexpression resulted in neoplasia in murine prostate and stimulated tumor invasion, similarly to ERG. Moreover, SOX9 depletion in VCaP cells markedly impaired invasion and growth in vitro and in vivo, establishing SOX9 as a critical downstream effector of ERG. Finally, we found that ERG regulated SOX9 indirectly by opening a cryptic AR-regulated enhancer in the SOX9 gene.
Introduction
The androgen receptor (AR) plays a central role in prostate cancer (PCa) development, and its transcriptional functions are partially or fully restored in the tumors that relapse after androgen deprivation therapy (castration-resistant prostate cancer, CRPC) (1). The role of AR in PCa was further strengthened by the discovery of recurrent genomic rearrangements that result in AR-driven overexpression of ETS family transcription factor proto-oncogenes, and in particular the v-ets erythroblastosis virus E26 oncogene homolog, ERG. In approximately half of primary PCa cases, a gene fusion between the 5′ untranslated region of the androgen-regulated TMPRSS2 gene and an exon in the ERG gene results in androgen-regulated high-level expression of a transcriptionally active, N-terminal-truncated ERG protein (amino acids 1-44 being deleted in the most common fusion) (2, 3) . This fusion is an early event, as it is found in precursor prostatic intraepithelial neoplasia (PIN) lesions located adjacent to TMPRSS2:ERG fusion-positive cancers (4) . The fusion gene is also highly expressed in CRPC, indicating that overexpressed ERG contributes to PCa development and progression (5) .
The importance of ERG is further supported by studies in the TMPRSS2:ERG fusion-positive VCaP cell line, where RNAi-mediated downregulation of ERG impairs cell growth and invasion (6, 7) . Moreover, transgenic overexpression of ERG in mouse prostate causes increased proliferation, and in combination with the loss of one PTEN allele, results in PIN or invasive PCa (8) (9) (10) (11) . Several ERG-regulated genes in TMPRSS2:ERG fusion-positive PCa cases have been identified, with EZH2 being one such candidate ERG target gene (6, 7, (11) (12) (13) (14) (15) . Additionally, a recent study found that there was marked overlap between ERG and AR binding sites, and that ERG repressed both AR expression and AR activity on these sites, suggesting that downregulation of AR activity on subsets of genes may be a mechanism of ERG action (12) . However, the downstream effectors and functions of ERG that drive PCa remain to be firmly established.
SOX9 belongs to the SOX (SRY-related HMG box) family of transcription factors and regulates many developmental processes (16, 17) . SOX9 mutations cause the disease campomelic dysplasia, which is characterized by extreme cartilage and bone malformation, frequent XY sex reversal, and multiple defects in other organs, consistent with an important role in tissue development (18, 19) . In the adult, SOX9 contributes to maintenance of stem/progenitor cells in tissues including intestine, liver, pancreas, and hair follicle (20) (21) (22) (23) (24) , and dysregulated SOX9 expression has been implicated in the pathogenesis of several cancers (25) (26) (27) (28) (29) (30) (31) . Similar to AR, SOX9 is required for prostate development, and accumulating evidence indicates that it contributes to the development of PCa (32) (33) (34) (35) (36) (37) (38) (39) .
SOX9 in developing prostate is expressed by epithelial cells invading into urogenital sinus mesenchyme, and loss of SOX9 causes a profound defect in prostate ductal morphogenesis (33, 35, 36, 39) . In adult human prostate, SOX9 is normally expressed primarily by the basal cells, which surround the strongly AR-positive luminal epithelium and express only low levels of AR (34) . In contrast, SOX9 and AR are coexpressed in PCa cells, with an increased fraction of SOX9-positive cells being found in CRPC and correlating with more aggressive behavior (32, 34) . Moreover, a 17q24.3 SNP associated with PCa has been functionally mapped to an enhancer of the SOX9 gene, and allele-specific recruitment of transcription factors to this enhancer can increase SOX9 and may mediate the increased PCa risk (38) . Silencing endogenous SOX9 expression in PCa xenografts by shRNA causes reduced tumor growth, while SOX9 overexpression enhances PCa xenograft growth and invasion (35) . Finally, similarly to ERG, transgenic overexpression of SOX9 in mouse prostate epithelium causes hyperplasia, and on a Pten-deficient background, can enhance PIN development (32) . We report here that SOX9 is a critical downstream effector of ERG in TMPRSS2:ERG fusion-positive PCa, and that ERG stimulates SOX9 expression by redirecting AR to a cryptic AR-regulated enhancer in the SOX9 gene.
Results

SOX9 expression is correlated with TMPRSS2:ERG fusion in primary and metastatic CRPC.
We reported previously that expression of the AR-regulated TMPRSS2:ERG fusion gene is restored in CRPC, consistent with the reactivation of AR transcriptional activity and a continued important role for ERG in CRPC (5). Therefore, to identify genes that may be regulated by ERG in vivo, we
Figure 1
SOX9 expression is increased in TMPRSS2:ERG-positive PCa. (A) Heat maps (green, lower expression; red, higher expression) of Affymetrix microarray data showing mRNA expression for genes with increased levels in TMPRSS2:ERG fusion-positive versus TMPRSS2:ERG fusionnegative tumor subsets of both primary PCa and CRPC bone metastases (fold change of mean expression >1.5 and a 2-tailed Student's t test P value < 0.05). (B) Quartile plot (mean and each quartile) of ERG and SOX9 expression. The differences between the fusion-positive and fusion-negative samples were *P < 0.05 or **P < 0.01 (2-tailed Student's t test). examined our previously reported PCa gene expression dataset (40) for genes that were increased in TMPRSS2:ERG-positive primary PCa and metastatic CRPC ( Figure 1A ). SOX9 was among the genes that were most significantly correlated with TMPRS-S2:ERG fusion in both the primary and metastatic CRPC tumors (Figure 1, A and B) . To confirm this correlation between SOX9 and TMPRSS2:ERG fusion, we next examined a recently reported large primary PCa dataset from MSKCC (41) , and again found that SOX9 expression was significantly correlated with TMPRS-S2:ERG fusion ( Figure 1C ; heat map shown in Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI66666DS1).
To determine whether SOX9 protein expression also correlated with TMPRSS2:ERG fusion, we carried out SOX9 immunohistochemical (IHC) assessment on a primary PCa tissue microarray from the Physicians' Health and Health Professionals Follow-up Studies, which had been assessed previously for TMPRS-S2:ERG fusion by FISH and IHC (42, 43) . Each tumor was scored based on staining intensity and fraction of cells that were positive (SOX9 addscore; representative SOX9-positive and -negative staining is shown in Supplemental Figure 1B ). This analysis again showed a significant correlation between TMPRSS2:ERG fusion and SOX9 expression ( Figure 1D ). Together, these results indicated that SOX9 may be directly or indirectly regulated by ERG in TMPRSS2:ERG-positive PCa. Previous reports have established critical roles for SOX9 during prostate development and in stem/ progenitor cell maintenance of multiple tissues, as well as in the pathogenesis of several cancers including PCa (20-35, 37, 38) . Therefore, we focused on SOX9 as a possible effector of ERG in TMPRSS2:ERG fusion-positive PCa.
ERG regulates SOX9 expression in TMPRSS2:ERG fusion-positive PCa cells. We next compared available PCa cell lines for SOX9 expression. Significantly, the basal SOX9 mRNA level was higher in the VCaP cell line (which is the only available TMPRSS2:ERG fusion-positive PCa cell line) relative to the SOX9 levels in a series of fusion-negative PCa cell lines (Figure 2A) . Moreover, the DHTstimulated increase in ERG mRNA was associated with a marked increase in SOX9 mRNA in the VCaP cells ( Figure 2, A and B) . Interestingly, the relatively low basal level of SOX9 in LNCaP cells was not increased by DHT, and was instead moderately repressed ( Figure 2, A and B) . These apparent cell-specific responses of SOX9 to DHT correlated with binding of phospho-RNA polymerase II to the SOX9 promoter, indicating that they were transcriptional ( Figure 2C) . At the protein level, SOX9 in VCaP cells also increased in response to DHT in a dose-dependent fashion, similarly to the androgen-regulated PSA and ERG proteins in these cells, and this was blocked by an AR antagonist, bicalutamide (Bic) ( Figure 2D , and data not shown). In contrast, SOX9 protein was decreased by DHT in LNCaP cells ( Figure 2E ).
We next examined VCaP xenografts to determine whether there was a correlation in vivo between SOX9 and ERG. We showed previously that AR and ERG were highly expressed in these xenografts prior to castration, declined markedly immediately after castration, and were again highly expressed in the relapsed castration-resistant xenografts (5) . As shown in Figure 2F , SOX9 protein showed a similar marked decrease after castration and was then highly expressed again in the relapsed castration-resistant xenograft. Consistent with the IHC assessment, ERG and SOX9 mRNA levels declined immediately after castration and were restored in the relapsed castration-resistant xenografts (Supplemental Figure 2A ). Finally, we used RNAi to directly examine whether ERG was regulating SOX9 expression. We generated stable lentiviral shERG-infected VCaP cells and found that basal-and DHT-stimulated SOX9 mRNA and protein expression were markedly decreased (Figure 2 , G and H). We obtained similar results using another ERG shRNA (shERG-2, Supplemental Figure 2B ) and by transient transfection with an independent ERG siRNA (Supplemental Figure 6B) . Although additional mechanisms may further modulate the expression of SOX9 in fusion-negative or -positive tumors (34) , these data establish that SOX9 is increased by ERG in TMPRSS2:ERG fusion-positive PCa.
SOX9 is a critical downstream effector of ERG in TMPRSS2:ERG fusion-positive PCa. The ERG regulation of SOX9, in conjunction with accumulating data indicating that SOX9 contributes to oncogenesis, indicated that SOX9 may be an important downstream effector of ERG in TMPRSS2:ERG-fusion PCa. Therefore, we next focused on whether SOX9 could mediate functions associated with ERG in PCa cells. Previous studies had shown that ERG expression in VCaP cells enhanced cell invasion (6, 7) , while transgenic overexpression of ERG in murine prostate was found to stimulate hyperplasia, dysplasia, or PIN, and to drive progression to PCa when expressed on a Pten +/-background (8, 9) . Similar to the in vitro effects of ERG, we reported previously that overexpression of SOX9 in LNCaP xenografts caused increased proliferation and invasion (35) . Moreover, a recent study found that transgenic overexpression of SOX9 caused hyperplasia and could cooperate with PTEN loss to stimulate tumor formation (32) .
Consistent with this latter report, we found that transgenic prostate epithelial overexpression of Flag epitope-tagged SOX9 resulted in PIN lesions in a fraction of mice (4 of 9) analyzed at 5 to 8 months of age. Although the SOX9 transgene was expressed in all prostate lobes (Supplemental Figure 3A) , the PIN lesions were primarily in the ventral lobe ( Figure 3, SOX9) . We also observed PIN in a fraction of mice (5 of 9) that were Pten +/-, although these lesions were more prominent in the dorsolateral and anterior lobes, and spared the ventral lobe ( Figure 3 , PTEN +/-, and Supplemental Figure 3B). In contrast, all compound PTEN +/-;SOX9 mice (19 of 19) developed PIN lesions, which were also much larger than those in Pten +/-mice and occurred in all lobes ( Figure 3 , PTEN +/-;SOX9). As expected, these lesions had high levels of Flag-SOX9, Ki67, and phospho-AKT (Supplemental Figure 3C) , and high AR expression as well (Supplemental Figure 3D ). Lesions in 2 PTEN +/-;SOX9 mice had a loss of basal cells (indicated by a lack of high molecular weight cytokeratin staining) and marked host inflammatory reactions, suggesting local invasion ( Figure 3 , bottom panels).
The SOX9 transgene in these mice is controlled by the tetracycline operon. Its expression in prostate was stimulated by the tetracycline transactivator (tTA), which is controlled by the androgen-regulated MMTV promoter. Since tTA activity can be repressed by the addition of tetracycline or doxycycline (tetoff), we also addressed whether established PIN lesions would respond to tTA repression by doxycycline. A series of approximately 8-month-old PTEN +/-;SOX9 mice were treated with doxycycline (added to their food and drinking water) for 2 weeks prior to sacrifice, and PIN lesions in their prostates were compared with untreated controls. There was a decrease in the number of PIN lesions and a decrease in the proportion of larger PIN lesions (> 0.5 mm 2 ) from 22% to 9% in the doxycycline-treated mice (Supplemental Figure 3 , E and F), suggesting a continued role for SOX9 in established lesions. We next used Matrigel invasion assays to determine whether SOX9 contributes to ERG-mediated invasion. Consistent with our previous results in LNCaP xenograft cells overexpressing SOX9, which showed increased invasion in vivo (35) , SOX9 induction in LNCaP cells with doxycycline-inducible SOX9 (LN-toSOX9, protein induction shown in Supplemental Figure 4A ) strongly stimulated basal Matrigel invasion ( Figure 4A ). DHT-stimulated invasion was not significantly enhanced, which could reflect SOX9 activation of DHT-regulated genes in mediating invasion or alternative mechanisms. To determine whether SOX9 could mediate ERG-dependent invasion, we generated VCaP cells with doxycycline-inducible SOX9 (VCaP-toSOX9, protein induction shown in Supplemental Figure 4B ) and used siRNA to downregulate endogenous ERG ( Figure 4B ). As expected, Matrigel invasion was decreased by ERG siRNA, which also decreased endogenous SOX9 (Figure 4 , B and C). Importantly, invasion was restored by the addition of doxycycline to stimulate exogenous SOX9 expression. Interestingly, while SOX9 induction could restore invasion after ERG knockdown, it did not stimulate invasion in androgen-depleted VCaP cells, indicating that additional DHT-regulated genes in these cells are required to support invasion (Supplemental Figure 4C) .
To determine whether VCaP invasion was dependent on endogenous SOX9, we next used a SOX9 shRNA lentivirus (shSOX9-1) to downregulate SOX9 ( Figure 4D ), which resulted in a marked decrease in DHT-stimulated Matrigel invasion ( Figure 4E ). This result was confirmed using an independent SOX9 shRNA lentivirus (shSOX9-2) (Supplemental Figure 4 , D and E). Finally, a previous study had found that tissue-type plasminogen activator (PLAT), which may contribute to invasion, was the major gene downregulated in response to ERG RNAi in VCaP cells (6) . Therefore, we addressed whether PLAT expression was SOX9 regulated. As shown in Figure 4F , SOX9 siRNA markedly decreased the expression of PLAT mRNA in VCaP cells. Moreover, in VCaP cells with doxycycline-regulated SOX9, we found that SOX9 induction with doxycycline could substantially restore PLAT mRNA in cells treated with ERG siRNA ( Figure 4G ). Together, these results indicate that SOX9 is an effector of ERG-mediated PCa invasion.
To determine whether SOX9 contributes to tumor growth, we next assessed the effects of SOX9 RNAi on growth in vitro and in vivo. In LNCaP cells expressing low levels of SOX9, growth in vitro was not impaired by SOX9 siRNA (Supplemental Figure  4F) . In contrast, infection of VCaP cells with the shSOX9-1 lentivirus, which markedly downregulates SOX9 protein ( Figure 4D ), substantially decreased in vitro growth ( Figure 4H ). Indeed, we have not been able to obtain adequate numbers of these cells for xenograft studies. Infection with the shSOX9-2 lentivirus did not as effectively deplete SOX9 (Supplemental Figure 4D) , and in vitro growth was not substantially decreased (not shown). Nonetheless, SOX9 downregulation by shSOX-2 markedly impaired the ability to develop xenografts ( Figure 4I ). Moreover, in the two shSOX9-2 xenografts that developed, the rate of proliferation (assessed by Ki67 immunostaining) was decreased compared with the control tumor on the opposite flank of the same mouse ( Figure 4J ).
While these results show that VCaP growth in vitro can be decreased by SOX9 shRNA, we and others have not found marked effects of ERG RNAi on VCaP growth in vitro (5) . This may reflect a need to more dramatically deplete SOX9 in order to affect growth versus invasion in vitro, as VCaP growth in vitro was impaired only by the more efficient shSOX9-1. Consistent with this hypothesis, doxycycline induction of SOX9 can partially rescue VCaP-toSOX9 cells from the growth-suppressive effects of androgen-deprivation VCaP-toSOX9 (which reduces ERG and markedly reduces endogenous SOX9) (Supplemental Figure 4G) . As expected, DHT is more effective, as it clearly stimulates the expression of multiple other genes in addition to ERG and SOX9. Taken together, these in vitro and in vivo results further support the conclusion that SOX9 is a critical mediator of ERG effects in TMPRSS2:ERG fusion-positive PCa.
AR directly stimulates SOX9 expression in TMPRSS2:ERG fusion-positive cells. Since ERG expression in TMPRSS2:ERG fusion-positive PCa cells is stimulated by androgen, we initially presumed that the DHT-stimulated increase in SOX9 in VCaP cells was secondary to the increased expression of ERG (Figure 2) . However, the rapid induction of SOX9 mRNA and SOX9 protein in response to DHT suggested that AR may be directly inducing SOX9 ( Figure  5, A and B) . To determine whether the DHT-stimulated increase in SOX9 mRNA was mediated by increased ERG protein, we used cycloheximide (CHX) to block new protein synthesis. Importantly, the addition of CHX did not prevent the DHT-stimulated increase in SOX9 mRNA ( Figure 5C ). As a control for the inhibition of protein synthesis, we confirmed that CHX caused a rapid decrease in SOX9 protein in DHT-stimulated and control cells (Supplemental Figure 5A) . Moreover, we found that overexpression of full-length ERG or ERG(del1-44), which is expressed in VCaP cells, did not increase SOX9 in AR-negative PC3 cells (Supplemental Figure 5B) . These results indicate that AR may be directly stimulating SOX9 expression.
Significantly, examination of available AR ChIP massively parallel DNA sequencing (ChIP-seq) data (12, 44, 45) for AR binding sites within 50 kb of the SOX9 gene transcriptional start site revealed a major peak located at approximately 35 kb 3′ of the SOX9 gene in VCaP cells that was not present in LNCaP cells (S2 site, Figure 5D and Supplemental Figure 5C ). Conversely, the major SOX9 gene-associated AR binding peak in LNCaP cells (S1 site, located at ~40 kb 5′ of the SOX9 start site) was a very minor peak in VCaP cells. Moreover, the S1 peak in LNCaP cells was much weaker than the S2 peak in VCaP cells ( Figure 5D ). Interestingly, a portion of the S1 site is highly conserved across 17 vertebrate species (Supplemental Figure 5C ), although we do not know if this is related to AR function at this site. Using AR ChIP and quantitative PCR (qPCR) with S2 site-specific primers, we confirmed the marked DHT-stimulated recruitment of AR to this site in VCaP cells ( Figure 5E ). This could be blocked by the AR antagonist Bic, which, as reported previously, can more weakly stimulate AR binding in the absence of androgen. In contrast, there was minimal DHT-stimulated AR binding to the S2a and S2b sites flanking the S2 site, consistent with the major sharp AR peak observed by ChIPseq (Supplemental Figure 5, C and D) .
AR binding to the S1 and S2 sites in VCaP versus LNCaP cells is compared in detail in Figure 5 , F and G, respectively. Weak AR binding to the S1 site, which could be modestly increased by DHT, was observed in both VCaP and LNCaP cells. Anti-FOXA1 ChIP showed that FOXA1, which has been previously identified as a pioneer transcription factor that is required to initially open loci for subsequent AR binding (46) , was bound to the S1 sites in both cells. Low levels of GATA2, which also associates with AR on many AR-regulated genes (46) , were present in the LNCaP cells, but not in the VCaP cells. Most importantly, DHT did not stimulate recruitment of the p300 coactivator to the S1 site in either cell, and modestly decreased p300 binding to the S1 site in LNCaP cells. These findings indicate that the weak AR binding to the S1 site does not stimulate SOX9 expression, but may contribute to DHT-mediated SOX9 repression in LNCaP cells.
In contrast to the S1 site, AR binding to the S2 site was dramatically increased by DHT in VCaP cells, but not in LNCaP cells (Figure 5 , F and G, middle panels). Since the AR in LNCaP cells has a point mutation in the ligand binding domain (T877A), we also examined a stable LNCaP cell line expressing a 3xFlag-tagged wildtype AR and found that it was similarly recruited to the S1 site by DHT, but not to the S2 site (data not shown). Consistent with the S2 site functioning as an AR-regulated enhancer in VCaP cells and interacting with the promoter, DHT stimulated an association between the S2 site and phospho-RNA polymerase II ( Figure  5F , middle panel). FOXA1 binding and DHT-stimulated GATA2 binding to the S2 site were also observed in the VCaP cells, but not in the LNCaP cells. Moreover, DHT stimulated the recruitment of p300 to the S2 site in VCaP cells. The DHT-stimulated binding of AR, the association with phospho-RNA polymerase II, and the recruitment of p300 at the S2 site in VCaP cells were comparable to those observed for the major AR-regulated enhancer in the PSA gene in both VCaP and LNCaP cells (Figure 5 , F and G, bottom panels). Finally, using ChIP we found that levels of monomethylated and dimethylated H3K4 (H3K4me1 and H3K4me2), which are associated with active enhancers, were higher at the S2 site in VCaP cells compared with the S1 site in VCaP cells, and were higher than the levels at the S1 and S2 sites in LNCaP cells (Supplemental Figure 5E ). Together, these findings indicate that the S2 site is an AR-regulated enhancer for the SOX9 gene in VCaP cells, but not in LNCaP cells.
To assess AR binding to the S2 site in vivo, we performed AR ChIP on VCaP xenografts prior to castration and at 4 days after castration. Comparable levels of AR were bound to the S2 site and to the PSA gene enhancer prior to castration, and AR binding to both sites was markedly decreased after castration (Supplemental Figure 5F ). To evaluate the contribution of the S2 site to SOX9 expression in CRPC, we also examined a cell line (VCS2) generated from a castration-resistant VCaP xenograft (45) . Basal levels (in steroid-depleted medium) of both PSA and SOX9 mRNA were higher in the VCS2 cells compared with the parental VCaP cells, and could be further elevated by DHT and suppressed by Bic (Supplemental Figure 5G) . Basal p300 and GATA2 binding on the PSA enhancer in VCS2 cells was very high, consistent with the substantial basal PSA expression in these cells (Supplemental Figure 5H , bottom panels). Similarly to VCaP cells, DHT in the VCS2 cells markedly induced AR, GATA2, and p300 binding to the S2 site, but not to the S1 site (Supplemental Figure 5H) . These findings further support the conclusion that the S2 site is an AR-regulated enhancer for the SOX9 gene in TMPRSS2:ERG fusion-positive PCa.
ERG activates the AR-regulated S2 enhancer in TMPRSS2:ERG fusion-positive PCa. We next examined available ERG ChIP-seq data in VCaP cells to determine whether ERG may be regulating AR binding to the S2 site (12) . Significantly, we found a broad peak of ERG binding over approximately 2 kb that overlapped . A peak at S1 in VCaP could also be detected by decreasing the threshold of peak analysis, suggesting that AR binds weakly to this site in VCaP cells. (E) VCaP cells were treated with or without DHT and with 10 μM Bic or vehicle control (DMSO) for 4 hours followed by AR ChIP and qPCR for the S2 site. (F) VCaP cells were treated with or without DHT for 4 hours followed by AR, FOXA1, active RNA polymerase II (phospho-Ser5 on CTD), p300, or GATA2 ChIP and qPCR for the S1 site, S2 site, or PSA enhancer ARE (PSA-ARE3). (G) LNCaP cells were treated with or without DHT for 4 hours followed by AR, FOXA1, p300, or GATA2 ChIP and qPCR for the S1 site, S2 site, or PSA enhancer. The DHT concentration used in experiments was 10 nM. Data in bar graphs represent means ± SD of at least 3 biological repeats.
the S2 site ( Figure 6A ). Using anti-ERG ChIP and qPCR with a series of primers targeting S2 and its neighboring sites (S3-S5) that cover this approximately 2-kb span, we confirmed ERG binding to this region ( Figure 6B ). We next used ERG siRNA to determine whether ERG downregulation altered AR binding to the S2 site in VCaP cells. Importantly, although we could greatly reduce cellular ERG protein levels, ChIP studies showed that ERG binding over the S2-S5 region was reduced but not eliminated (data not shown). Nonetheless, ERG siRNA reduced DHT-stimulated AR binding to the S2 site (Supplemental Figure  6A) , and similarly reduced DHT-stimulated expression of SOX9 (Supplemental Figure 6B) .
As a complimentary approach, we determined whether the ERG(del1-44) expressed from the TMPRSS2:ERG fusion in VCaP cells is sufficient to confer DHT stimulation of SOX9 expression in fusion-negative LNCaP cells. In 2 independent LNCaP cell lines expressing a doxycycline-inducible ERG(del1-44) protein (LN-toERG-1 and -2), we found that DHT could stimulate SOX9 mRNA expression ( Figure 6C ) and protein expression (Supplemental Figure 6C ), which could be blocked by Bic (Supplemental Figure 6D ). Importantly, this exogenous ERG in LNCaP cells was bound to the S2-S5 region identified in the VCaP cells (Figure 6D) . Moreover, the S2 site in the ERG-expressing LNCaP cells had increased basal FOXA1 binding prior to DHT stimulation, consistent with ERG binding to this site and making it accessible to transcription factors ( Figure 6E ). Finally, DHT strongly stimulated recruitment of AR and p300 to the previously unavailable S2 site in the ERG-expressing LNCaP cells ( Figure 6E ). It should be noted that LNCaP cells have a distinct gene fusion that results in androgen-stimulated overexpression of another ETS factor, ETV1, indicating that not all ETS factors can stimulate SOX9 expression.
Together, these findings demonstrate that ERG increases SOX9 expression in TMPRSS2:ERG fusion-positive PCa cells by opening an AR-regulated enhancer in the SOX9 gene.
Identification of additional ERG-dependent AR-regulated genes in TMPRSS2:ERG fusion-positive PCa. Since these data indicated that ERG was functioning as a pioneer factor for the AR-regulated S2 site SOX9 gene enhancer, we hypothesized that ERG expression may open cryptic AR-regulated enhancers associated with additional genes and thereby further reprogram AR transcription in TMPRSS2:ERG fusion-positive PCa. As outlined below, to test this hypothesis we first sought to identify additional genes (exemplified by SOX9) that were androgen stimulated and contained unique AR binding sites in VCaP cells compared with LNCaP cells. We then assessed whether the unique AR binding sites in these genes were associated with ERG binding sites. For this analysis, we used expression microarray data from androgen-stimulated VCaP cells and LNCaP cells (44, 45) . In addition, we used Three of these 9 genes (CSGALNACT1, ATP7B, and SLC26A2) were increased in the fusion-positive primary tumors from the MSKCC dataset (Supplemental Figure 7D) (41) .
To confirm the ERG-dependent androgen regulation of these genes, we selected 5 of the 9 and assessed the effects of ERG shRNA on their DHT-stimulated expression in VCaP cells. In all cases, qRT-PCR showed low expression in LNCaP cells and confirmed that basal and DHT-stimulated expression in VCaP cells was markedly diminished by ERG shRNA, while expression of a gene that is strongly androgen stimulated in VCaP and LNCaP cells (FKBP5) was not markedly altered ( Figure 7C ). Since CSGAL-NACT1 expression was strongly correlated with TMPRSS2:ERG fusion in both clinical datasets, we further assessed DHT-stimulated recruitment of transcription factors to its AR binding site in VCaP and LNCaP cells. As observed for SOX9, FOXA1 was constitutively associated with the CSGALNACT1 AR binding site in VCaP cells ( Figure 7D ) and in LNCaP cells stably expressing ERG (LN-toERG-2, Figure 7E ), as well as DHT-stimulated AR binding to this site, while neither FOXA1 nor AR were bound to this site in control LNCaP cells ( Figure 7E ). Finally, DHT strongly stimulated CSGALNACT1 mRNA expression in LNCaP cells expressing ERG, but not in control LNCaP cells, and this expression was blocked by Bic (Supplemental Figure 7E) . Overall, this genome-wide study shows that ERG allows AR to bind and transactivate a series of genes in TMPRSS2:ERG fusion-positive PCa that are not AR regulated in fusion-negative tumors.
Discussion
Approximately half of PCa cases express the AR-driven TMPRS-S2:ERG-fusion gene, but the downstream targets of ERG that contribute to PCa remain to be established. We found that increased SOX9 expression was correlated with TMPRSS2:ERG fusion in 3 independent PCa cohorts, and confirmed the ERG-dependent expression of SOX9 in TMPRSS2:ERG-positive VCaP cells. We further demonstrated that ERG regulates SOX9 indirectly by functioning as a pioneer factor to open a cryptic AR-regulated enhancer in the SOX9 gene, and that ERG can similarly redirect AR to a series of other genes. SOX9 expression in fetal prostate is required for ductal morphogenesis, and its aberrant expression has been linked to a number of cancers including PCa. We confirmed that SOX9, similarly to ERG, stimulates tumor invasion and can drive neoplasia when overexpressed in mouse prostate. Moreover, we showed that SOX9 RNAi impairs ERG-mediated tumor invasion and suppresses tumor growth in vitro and in vivo. Taken together, these studies reveal a molecular mechanism through which ERG functions to redirect AR to a series of genes including SOX9, and show that SOX9 is a major downstream effector of both AR and ERG in TMPRSS2:ERG fusion-positive PCa.
Significantly, primary PCa is characterized by increased formation of glands that lack basal cells and may have well-formed lumens (Gleason pattern 3) or ill-defined lumens (Gleason pattern 4), which is very reminiscent of developing prostate. Therefore, we further suggest that one function of aberrant ERG and AR-driven SOX9 expression is to reactivate the prostate ductal morphogenesis program that SOX9 normally regulates during prostate development. However, additional functions of SOX9 related to the maintenance of stem/progenitor pools are also likely to contribute to PCa development or progression. Finally, it should be emphasized that the functions of SOX9 expressed in adult prostate basal cells are not known, but SOX9 may contribute to the expression published ChIP microarray technology (ChIP-chip) and ChIP-seq data identifying AR binding sites in DHT-treated LNCaP and VCaP cells, and ERG binding sites in VCaP cells (12, 44, 45) .
Using the VCaP microarray expression data, we initially identified 471 genes as being androgen stimulated (greater than 2-fold, AR-activated genes) in VCaP cells ( Figure 7A ). Among these 471 genes, the VCaP AR ChIP-seq data showed that 274 (58%) had AR binding sites within 50 kb of their transcription start sites (versus a background of 37% of all genes in these cells having an AR binding site within 50 kb), consistent with them being directly regulated by AR (Supplemental Figure 7A) . Of these 274 genes that appeared to be AR regulated in VCaP cells, analysis of the microarray expression data in LNCaP cells showed that 75 genes had less than a 50% expression level in LNCaP cells versus VCaP cells, and were not DHT induced in LNCaP cells (less than 1.5-fold induction). Comparison of the AR ChIP-chip and ChIP-seq data in LNCaP cells versus VCaP cells then showed that 66 of these 75 genes had AR binding sites in VCaP cells that were not present in LNCaP cells.
Significantly, using the VCaP ERG ChIP-seq data, we then found that ERG binding sites were located within 20 kb of the AR site in 56 of these 66 genes ( Figure 7A ). Forty of these 66 genes (61%) have ERG binding sites within 1 kb of the AR binding sites. By comparison, among the total set of 274 AR-regulated genes in VCaP cells, only 97 genes (35%) have ERG binding sites within 1 kb of the AR binding sites, indicating that these VCaP-specific AR binding sites are further enriched for ERG binding. The VCaP-specific AR-regulated genes with closely associated ERG and AR binding sites (within 4 kb) are listed in Table 1 .
Gene ontology analysis of these genes revealed only a weak overall association with secretion (Supplemental Figure 7B) . To identify genes in this group that may be clinically significant, we assessed their expression in TMPRSS2:ERG fusion-positive versus TMPRS-S2:ERG fusion-negative primary PCa and CRPC bone metastases (40) . In addition to SOX9 (Figure 1) , 9 of these genes were increased in TMPRSS2:ERG fusion-positive PCa primary tumors (PR) or bone marrow metastases (B-Met) ( Figure 7B ). AR and ERG binding sites for these 9 genes are shown in Supplemental Figure 7C . However, these genes were also not strongly associated with specific pathways (Supplemental Figure 7B, right panel) , and none were significantly increased in both the primary and metastatic CRPC tumors. AGR2  GAS2L1  PPIB  ANXA2  GIPC1  PPM1B  ASRGL1  GNE  RABAC1  ATP7B  HMGCS2  RAP1GAP  CDK2AP2  KCNH2  SCRG1  CMTM8  KCTD3  SLC1A5  CORO2A  STYK1  SLC26A2  CSGALNACT1  KRT19  SLC27A3  DPP3  LAT2  SLC2A10  EPDR1  LIPG  SOX9  FAM13C  METRNL  TESC  FKBP1B  MYOF  TMEM8  FXYD3 OCEL1
VCaP-specific AR-regulated genes with ERG binding site located within 4 kb of the AR binding site.
of paracrine factors that support the luminal epithelium. In this case, ERG and AR-mediated SOX9 expression in PIN lesions may stimulate the autocrine production of these factors, and thereby permit the loss of basal cells that is a defining feature of PCa. Further studies are clearly needed to define the precise sets of SOX-9-regulated genes that contribute to fetal prostate development, adult basal cell functions, and PCa. Although these data reveal that ERG opens a cryptic ARregulated enhancer in the SOX9 gene, the precise mechanisms through which this occurs and the roles of other proteins including FOXA1 remain to be precisely defined. A straightforward model is that ERG binding directly or indirectly increases local H3K4 methylation and subsequent binding of FOXA1, which then facilitates androgen-stimulated binding of AR. However, while FOXA1 can interact with AR and functions as a pioneer factor for AR binding to other enhancers, further RNAi studies are needed to determine whether AR binding to this site is dependent on FOXA1 or is facilitated by interactions with other proteins including ERG. Further studies are also needed to characterize the interaction between the S2 site and the SOX9 promoter, and specifically to determine whether the interaction is mediated by an AR-stimulated chromatin looping mechanism, as has been shown for other AR-regulated enhancers.
Substantial overlap between AR and ERG binding sites was also observed in a recent study. However, that study found that ERG was functioning to repress AR transcriptional activity at these sites, as well as to directly decrease expression of the AR gene (12) . Our data are not inconsistent with this previous study, as we have not examined the effects of ERG on genes that are normally strongly stimulated by androgens. Moreover, they are not inconsistent with the hypothesis that ERG may stimulate tumor growth in part by repressing AR activity on a subset of ARregulated genes. However, while this mechanism may contribute to tumor progression, we suggest that the ERG-mediated redirection of AR, rather than the suppression of AR, makes a more significant contribution to tumor initiation in TMPRSS2:ERG fusion-positive PCa.
In contrast to PCa cells expressing ERG, androgen repressed the low basal expression of SOX9 in LNCaP cells. Consistent with this result, a previous study found that castration increased SOX9 expression in murine prostate epithelium (36) . Our data indicate that AR binding to the S1 site may mediate this repression, but more studies are needed to determine the role of this site in the response to androgen. In any case, the evolutionary conservation of the S1 site suggests a significant role for this region in regulating SOX9 expression. Indeed, it should be emphasized that additional mechanisms may drive SOX9 expression in TMPRSS2:ERG fusion-negative PCa, and may further modulate its expression in fusion-positive PCa. Interestingly, among these other mechanisms are the Wnt/β-catenin and receptor tyrosine kinase/MAP kinase pathways (24, 29, 47) . Therefore, higher levels of SOX9 expression (above the AR-and ERG-stimulated levels in fusion-positive tumors or above the lower basal levels in fusion-negative tumors) may be a biomarker for the activation of additional pathways that can drive PCa progression through SOX9-dependent and -independent mechanisms. Further studies of mechanisms controlling SOX9 and identification of the downstream genes it regulates should provide new therapeutic targets, which may be particularly relevant to TMPRSS2:ERG fusion-positive PCa.
